The motility of Spirillum volutans is caused by the rotation of each polar flagellar fascicle in a direction opposite to that of the more slowly rotating cell. Both flagella form cones of revolution oriented in the same direction. When the cell reverses its motion, both fascicles simultaneously reverse their rotation and also the orientation of their cones of revolution, with the tail fascicle becoming the head and vice versa. Chloral hydrate and phenol were found to cause uncoordination, with both fascicles becoming the head type; MgSO4, Mg(NO3)2, NiSO4, NiC12, CuSO4, and CuC12 also caused uncoordination, with both fascicles becoming the tail type. In all cases, the flagellar fascicles remained highly active but the cells were motionless because of the opposing propulsion; the rotation of the fascicles was in a constant direction without reversal. Uncoordinated states could be maintained for 30 to 60 min. Neutralization of the dual-tail flagellation caused by NiSO4 could be accomplished with chloral hydrate. At the null point, the flagellar orientation was intermediate between head and tail; the fascicles continually reversed direction of rotation, and, now coordinated, caused the cells to move back and forth. Higher concentrations of chloral hydrate completely overcame the effect of NiSO4 and caused dual-head flagellation. Optimal concentrations of test compounds were determinied with the use of pure cultures and a reproducible growth medium.
The motility of Spirillum volutans is caused by the rotation of each polar flagellar fascicle in a direction opposite to that of the more slowly rotating cell. Both flagella form cones of revolution oriented in the same direction. When the cell reverses its motion, both fascicles simultaneously reverse their rotation and also the orientation of their cones of revolution, with the tail fascicle becoming the head and vice versa. Chloral hydrate and phenol were found to cause uncoordination, with both fascicles becoming the head type; MgSO4, Mg(NO3)2, NiSO4, NiC12, CuSO4, and CuC12 also caused uncoordination, with both fascicles becoming the tail type. In all cases, the flagellar fascicles remained highly active but the cells were motionless because of the opposing propulsion; the rotation of the fascicles was in a constant direction without reversal. Uncoordinated states could be maintained for 30 to 60 min. Neutralization of the dual-tail flagellation caused by NiSO4 could be accomplished with chloral hydrate. At the null point, the flagellar orientation was intermediate between head and tail; the fascicles continually reversed direction of rotation, and, now coordinated, caused the cells to move back and forth. Higher concentrations of chloral hydrate completely overcame the effect of NiSO4 and caused dual-head flagellation. Optimal concentrations of test compounds were determinied with the use of pure cultures and a reproducible growth medium.
The visibility of the flagellar fascicles of Spirillum volutans with the light microscope makes this species a unique research tool. In 1919, Metzner (3) was the first to take advantage of this in an investigation of the dynamics of flagellar propulsion. S. volutans appeared to possess a large flagellar fascicle at each pole; during motion, each fascicle rotated at about 40 rev/sec, while the cell body rotated in an opposite direction at one-third this speed, obeying the law of action and reaction. The helical cell body was propelled through the medium as a result of its rotation. Reversal of direction was caused by a simultaneous reversal of the rotation and also of the orientation of the cone of revolution of both fascicles (Fig. 1) .
Metzner noted two responses of especial importance to flagellar coordination. By placing compounds at the edges of wet-mount preparations, it was noted that, as the spirilla approached chloroform, ether, or acetone, the orientation of their flagellar fascicles was altered so that both became the head type, folded in toward the cell body. Such cells were motionless but had highly active flagella, each fascicle opposing the action of the other. Halogen salts (NaCl, KCI, KBr, and KI) were found to cause both fascicles to become the tail type, flared away from the cell body; again, cells were motionless but the flagella were highly active.
In 1965, pure culture isolates of S. volutans became available for the first time (4 The present report is concerned with (i) the discovery of uncoordinating compounds more effective than those employed by Metzner, with determination of their optimal concentrations, effect on cell growth, and interactions, and (ii) the utilization for these purposes of a reproducible growth medium and pure cultures of the organism for the first time.
MATERIALS AND METHODS
The organism used was S. volutans ATCC 19554. Cultures (24-hr) in peptone-succinate-salts medium were prepared as described previously (2) . Test compounds were added to 10-ml portions of growing culture; wet mounts were prepared at 0, 10, 30, 45, 60, 90, and 120 min for dark-field microscopy. In In wet-mount preparations of peptone-succinatesalts medium cultures, the spirilla were found to remain homogeneously dispersed for 10 to 15 min, reversing their direction of motion with high frequency, until oxygen became limiting in the central portion of the mount. At this point, a microaerophilic band began to form near the edge of the cover slip. All observations of flagellar uncoordination were made immediately after preparation of wet mounts.
For those test compounds which preliminary studies showed to produce a significant and prolonged effect, it was desirable to estimate the length of time that such effect could be maintained. Since some of the effective compounds caused an alteration of the pH of the culture from 6.8, the optimal pH for the growth of S. volutans, this was readjusted immediately after addition of these compounds. Microscopic examination of fresh wet mounts was undertaken at various times during subsequent incubation, and the time required for approximately half of the cells, by inspection, to lose all flagellar activity was recorded.
The growth tolerance of S. volutans to optimal uncoordinating concentrations of test compounds was determined by the use of 20-ml portions of sterile medium, each containing one of the compounds and being adjusted to pH 6.8. These were placed in 50-ml cotton-stoppered flasks, inoculated with 0.25 ml of a 24-hr culture of S. volutans, and incubated at 30 C in an atmosphere of 94% nitrogen and 6% oxygen. The flasks were examined for turbidity at 2-and 7-day intervals.
Satisfactory plate-count methods for enumeration of S. volutans cells have not yet been developed; consequently, viability studies of the organism in the presence of the test compound could not be carried out.
RESULTS
Figure 2 presents a short cinematographic sequence of normal cells of S. volutans in peptonesuccinate-salts medium. Such cells were highly motile and reversed their direction frequently, despite the fact that a microaerophilic band had not yet formed. It can be seen that the transition period of reversal of flagellar orientation occupied no more than 3X sec, and that both fascicles reversed their orientation simultaneously. Figure 3 illustrates the uncoordinating effect of chloral hydrate (0.038 to 0.048 M) on S. volutans; in this case, both flagellar fascicles became the head type, folded in toward the cell body. The fascicles were still highly active and rotated in a constant direction with no reversal; yet the cells were almost motionless, apparently because of the rotation of each fascicle in a direction opposite to that of the other, resulting in opposing propulsion. Concentrations double those indicated resulted in a significant proportion of cells without flagellar activity; concentrations half those indicated yielded many cells showing no uncoordinated effect. During incubation, an increasing proportion of cells began to exhibit more slowly rotating fascicles, with eventual cessation of flagellar activity. After 45 min, approximately half the ctlls were inactivated; however, a few cells still possessed active flagella at 75 min. Phenol in a concentration of 0.016 to 0.020 M produced an effect similar to that of chloral hydrate, with half of the cells being inactivated at 30 min.
It was interesting to note that spirilla possessing only one polar fascicle, which occur in small numbers in cultures of S. volutans and presumably represent the products of recent cell division continued to be motile despite the presence of the uncoordinating compounds; however, their direction was unchanging. For the compounds cited above causing dualtail or dual-head orientation of flagellar fascicles, at least 90% of the cells were affected. Prior to discovery of the highly effective compounds indicated above, however, a variety of other compounds had been screened. These had been added to cultures of S. volutans in a series of concentrations with the use of twofold dilutions. The results may be of interest to those who wish to use S. volutans as a tool for study of bacterial motility, and can be summarized as follows: (i) NaCl, KCJ, KBr, KI, CaCl2, Na2SO4, MnSO4, MnCl2, sucrose, methyl salicylate, and eserine sulfate (an inhibitor of acetylcholinesterase, blocking nerve conduction in higher animals) caused dual-tail flagellation, but affected only a proportion of the cells; (ii) ethyl ether, acetone, and chlorobutanol caused dual-head flagellation in most of the cells, but the effect lasted no more than 10 min, followed by complete cessation of flagellar activity. It is possible that all these compounds may differ only in degree from the eight finally selected and that a similar mechanism of action may be involved which is limited by unrelated side effects.
When added to peptone-succinate-salts medium cultures in optimal concentration, the nickel and copper salts described previously caused a decrease in pH of the cultures, to as low as 5.3. The pH change was, however, not the cause of uncoordination, since readjustment of pH of such cultures to 6.8 caused no reversal of uncoordination, and also since lowering of pH of normal, untreated cultures to 5.0 with HC1 failed to cause uncoordination.
S. volutans was found to be incapable of multiplication in peptone-succinate-salts medium containing any of the eight effective uncoordinating compounds in their optimal concentration, even when incubated in a suitable oxygen atmosphere at pH 6.8, in contrast to controls without additions. Table 1 presents an interesting illustration of the neutralization of flagellar uncoordination, achieved by the combination of a compound inducing dual-tail flagellation and a compound inducing dual-head flagellation. When NiSO4 was used alone in optimal concentration, a dualtail type of flagellation was produced, as described previously. When NiSO4 was used in combination with chloral hydrate, also in optimal concentration, the dual-head flagellation effect of the latter dominated; however, by reducing the concentration of chloral hydrate to 35% of its optimum, a null point could be reached between the two compounds at which reversal of flagellar rotation and also coordination between both flagellar fascicles was now permitted. As a result, the cells became motile and moved back and forth with high frequency. Although a considerable degree of normalcy had been regained by the cells, they were still not entirely normal, since the orientation of both fascicles appeared to be neither head nor tail, but intermediate in configuration. At the null point, the cells remained vigorous for about 15 min, but eventually became motionless with increasing loss of flagellar activity. It operative, the action of uncoordinating compounds might be directed at this mechanism. In the case of magnesium, nickel, and copper salts, the cation appears to be relevant moiety, and it is conceivable that such cations could interfere with the ion imbalance necessary to produce a polarized membrane; in the case of phenol, the well-known effects of this compound on bacterial permeability might also interfere with the maintenance of a polarized membrane. In this connection, the possibility that the flagellar fascicles themselves, rather than the cell membrane, may represent the sites of action for the uncoordinating compounds must be borne in mind. Electron microscopy of the fascicles of affected cells may prove to be useful in clarifying this.
One of the major functions of the present report is to stimulate further investigation of the flagellar coordination mechanism of S. volutans. For example, the discovery of inhibitors which are less toxic than those now available would be of value. Also, an investigation of the ability of S. volutans to discriminate between Na and K with regard to permeability may bear directly on the problem of the existence of a polarized cell membrane. Furthermore, the approach of Adler (1), who has demonstrated the usefulness of mutants in a study of bacterial chemotaxis, may be applicable to S. volutans. Certainly a variety of information will be required to illuminate further the fascinating frontier of bacterial "nervous systems." LITERATURE CITED
